In this paper, the carrier based Pulse Width Modulation (PWM) technique and neural network based rotor resistance estimator are proposed for vector controller Induction motor (IM) drives. The popular sine PWM is used for induction motor drive. The popular sine PWM has poor harmonic profile and (DC) utilization. The space vector modulation (SVM) technique overcomes the disadvantages of sine PWM. But SVM is computationally complex. Hence a simple PWM technique namely "carrier based PWM technique" similar to SVM is identified and proposed for vector controlled IM drive. The experimental set up is built up and the performance of carrier based PWM is validated using FPGA processor. The adaptive neural network based rotor resistance estimator in predictive mode is proposed for the vector controlled induction motor drive. The performance enhancement of the drive with carrier based PWM and rotor resistance estimator is comprehensively presented.
NOMENCLATURE

INTRODUCTION
Three phase induction motor drives are popularly employed for variable speed control applications in many industries. This is due to their ease in maintenance (Abdelkarim Ammar et al. 2017; Ahmed A.Z. Diab 2014; Venkadesan A et al. 2016; Venkadesan A et al. 2017; Witold Pawlus et al. 2017 ). Now-a-days, for high performance applications, vector control provides good alternative as compared to scalar control methods. Various pulse width modulation techniques are used to generate pulse for three phase inverter in vector controlled IM drives. Out of which, space vector modulation technique (Benchabane et al. 2012; Bimal K. Bose 2005; Durgasukumar G et al. 2012; Govindasamy et al. 2014; Hannan M. A et al. 2017; Mahmoud Gaballah et al. 2013; Sabah V.S et al. 2015) is attaining popularity because it has the advantages of having better DC utilization and better harmonic profile as compared to sine-PWM technique. The space vector modulation technique is computationally rigorous and complex as it involves many mathematical calculations (Govindasamy et al. 2014; Hannan M.A et al. 2017; Sabah V.S et al. 2015) . The carrier based PWM technique with a common mode voltage injection method is proposed for a three phase inverter Keliang Zhou et al. 2002) . In the paper by Keliang Zhou et al. (2002) , it is mathematically proved that the carrier based PWM technique with the common mode voltage injection method performs similar to SVM technique. But the carrier based PWM technique is simple for on-line digital implementation. In the paper Keliang Zhou et al. (2002) , the application of the technique is not demonstrated in vector controlled IM drives. The same technique is proposed for open loop speed control of multilevel inverter fed permanent magnet motor Shriwastava R.G et al. (2016) and not demonstrated in vector controlled IM drives.
In this paper, the same technique is proposed for vector controlled IM drive. The proposed carrier based PWM technique with the common mode voltage injection method technique (CB-PWM-CMV) is also implemented in FPGA (SPARTAN 6 board). The performance of CB-PWM-CMV is also validated experimentally. The vector control especially indirect type, is sensitive to rotor resistance variation Karanayil B et al. 2007) . Hence, rotor resistance estimation using a neural network approach is proposed to track variation in the rotor resistance. The neural network based rotor resistance estimator is proposed for sine PWM based vector controlled IM drive Chitra A et al. (2015) . In the proposed work, neural network based rotor resistance estimator is proposed for CB-PWM-CMV based vector controlled IM drive. Also in the paper Karanayil B et al. 2007) , the adaptive NN is used in simulation mode. But the proposed Adaptive NN based rotor resistance estimator is used in predictive mode. The idea of using adaptive NN in predictive mode is inspired from the speed estimator proposed by Maurizio Cirrincione et al. (2005) . In the paper by Maurizio Cirrincione et al. (2005) , it is applied for speed estimation. In this proposed work, it is applied for rotor resistance estimation which is novel in this paper.
VECTOR CONTROLLED IM DRIVE
The vector control is preferred for high performance applications. The advantages of vector control are well presented in Krishnan R (2007) . The indirect vector controlled IM drive with proposed PWM technique (CB-PWM-CMV) and rotor resistance estimator is shown in Fig. 1 . For closed operation, the actual speed is compared with the reference speed. The speed error is processed through the PI controller. The torque is generated using the command voltage and transformation angle through d-q transformation theory. The three phase duty cycle profiles are generated using the CB-PWM-CMV. The duty cycle profile/control signal is compared with the triangular signal to generate the switching pulses to the inverter. 
Carrier Based PWM With Common Mode Voltage Injection Technique
In the carrier based PWM with the common mode voltage injection technique, the common mode voltage is injected into the fundamental sinusoidal reference signal. The resultant signal is used as the modulating signal and it is compared with the carrier signal for the generation of switching pulses to the inverter. The addition of the common mode voltage provides lower harmonic distortion, higher fundamental output voltage Srirattanawichaikul W et al. (2011) . The common mode voltage can be generated using three phase sinusoidal reference voltages as (5). The duty cycle for each phase can be generated using (6).
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Where m a is the modulation index. The range of m a is 0<m a ≤1 for under modulation ranges. The Fig The performance of the proposed CB-PWM-CMV technique is compared with the SVM and Sine PWM technique in terms of DC bus utilization, harmonics profile, efficiency and complexity. The motor is operated with m=0.9, frequency=50Hz under a rated load condition. The performance comparison is shown in the Table 1 . Vol. 16, No. 1 (2019) 63-76 
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The Sine PWM is simple, but has poor DC bus utilization and harmonic profile. The SVM has better DC bus utilization of 15.89% as compared to sine PWM. It has an output voltage THD of 63.69% which is lesser as compared to sine PWM. The efficiency of the drive with SVM and Sine PWM is also computed in Table 1 . For efficiency calculation, the electrical input power of the drive is computed using discrete 3-phase Positive-Sequence Active and Reactive Power block in MATLAB Simulink. It is seen that the efficiency of the drive is improved with SVM as compared to the drive with sine PWM. But conventional SVM is computationally complex which involves many sector calculations. The proposed CB-PWM-CMV shows a similar performance as that of SVM but it is simple and less complex. Hence, the proposed PWM technique has better DC bus utilization, a better harmonic profile and a better efficiency. Besides, it is computationally simple and offers easy on-line digital implementation.
The experimental set up is built up to validate the performance of CB-PWM-CMV. The prototype Laboratory setup is shown in Fig. 4 . The CB-PWM-CMV is implemented on Spartan-6 FPGA board. The clock frequency for FPGA implementation is chosen as 20MHz. The reference sinusoidal signals are stored in a look up table with 8-bits precision as an integer. The duty cycle profiles are generated with 8-bits precision from the reference sine signals using the proposed CB-PWM-CMV technique. The VHDL coding is developed to realize the CB-PWM-CMV.
The gate pulses are given to the three phase inverter through the pulse driver circuit and opto-isolator to drive the induction motor. The switching is chosen as 10kHz. The performance of CB-PWM-CMV fed induction drive is tested for various operating conditions. The sample results obtained are presented. The modulating waveform and switching pulses obtained from the FPGA processor are shown in Fig. 5(a) and Fig. 5(b) respectively. The inverter output voltage obtained for modulation index=0.96 and frequency=50Hz is shown in Fig. 6(a) . The inverter output voltage obtained for modulation index=0.48 and frequency=25Hz is shown in Fig. 6(b) .
The two-level inverter is used in this paper. Hence, two levels are obtained in the output line-line voltage. It is observed that as soon as the ratio of m/f is reduced to 50%, the fundamental output voltage magnitude and frequency of the line-line voltage is also reduced to around 50%. The effect of variation in the fundamental output voltage magnitude and frequency for various m/f ratios is reflected in the rotor speed. Since the rotor speed can be easily measured using tachometer, the rotor speed for various m/f ratios is shown in Table 2 . The measured speed increases proportionally with increase in m/f ratio. From this table, it is shown that the drive performs very well under a practical condition with CB-PWM-CMV for various m/f ratios. 
Adaptive Neural Network Based Rotor Resistance Estimator
The design of an indirect vector controller, to a large extent, depends on the accuracy of the rotor resistance. The slip frequency depends on the knowledge of rotor resistance which is evident from (3). The transformation angle or flux angle depends on the slip frequency which is evident from (4). In real time, the rotor resistance may vary up to 100 due to the rotor heating Karanayil B et al. (2007) . Any mismatch between the rotor resistance of motor and the rotor resistance value in the vector controller leads to the loss of the decoupled control Karanayil B et al. 2007 ). Hence to track variation in the rotor resistance, the rotor resistance estimator using Model Reference Adaptive system (MRAS) with adaptive neural network scheme is proposed. For simulation study, the motor is modeled in d-q frame to introduce variation in the rotor resistance.
The proposed MRAS scheme for rotor resistance estimation is shown in Fig. 7 . The MRAS uses a voltage and a current model for rotor resistance estimation. The output from both models is d and qaxis rotor fluxes in stationary reference frame. It is well known that the voltage model is independent of rotor resistance and the flux estimated will be independent of the rotor resistance. Hence, the voltage model is used as a reference model. Accordingly, the equations (10) and (11) do not contain rotor resistance. The three phase voltages and currents are measured and transformed into d and q axis stationary reference frame and given as inputs to the voltage model.
The current model is dependent on the rotor resistance and the flux estimated will be dependent on the rotor resistance. Therefore, the current model equation can be used as the adaptive model. Consequently, the equations (12) and (13) contain rotor resistance. The three currents and rotor speed are measured. The three phase currents are transformed into d and q axis stationary reference frame. As a result, the inputs to the current model are d and q axis current and rotor speed.
The current model equations (12), (13) are represented as a two-layer neural model and used as the adaptive model because it is dependent on the rotor resistance. The weight of the adaptive NN model 
The discrete form of Current model equations can be obtained using backward Euler's rule. Using this rule, the rate of change of rotor flux can be expressed as in (14) 
The discrete form of Current model equations can be obtained using backward Euler's rule and are given in (14) and (15) (16) Equations (14) and (15) can be represented as a two-layer neural network with a linear activation function (Fig. 8) . This is used as the adaptive model. adaptive model is used in a predictive mode instead in simulation mode. In predictive mode. In the predictive mode, the past values of rotor flux required as the input for the adaptive model is obtained from the reference voltage model itself rather than from the adaptive model as in simulation mode. This gives ease in digital implementation of the adaptive model and overcomes the problem of instability Maurizio Cirrincione et al. (2005) . The inputs and outputs are connected through the weights w 1 , w 2 , w 3 . The weight w 2 is kept constant. The other two weights w 1 and w 3 are proportional to the R r they are updated using BPM The Journal of Engineering Research (TJER), Vol. 16, No. 1 (2019) [63] [64] [65] [66] [67] [68] [69] [70] [71] [72] [73] [74] [75] [76] to minimize the error E (17).
The BPM is coded in MATLAB-m-file. The learning rate () and momentum factor () are chosen as 5×10
-5 and 2×10 -5 respectively. The E is chosen as 1×10 -6 . The weights of NN are updated using (20) and (21). 
where,
φφ qr qr
The rotor resistance can be obtained either from w 1 or w 3 Karanayil B et al. 2007) .
The effect of sampling time on the performance of the proposed rotor resistance estimator assumes importance for on-line digital implementation. Hence, the same is tested for various sampling time. The drive is operated with the speed of 148 rad/s under 100% load torque. The rotor resistance is increased to 50%. The switching frequency of the inverter is chosen as 10kHz. Hence the switching time is 100µs. 
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The steady state error is computed between the actual and estimated rotor resistance for various sampling time and presented in Table 3 . Lesser sampling time leads to more accuracy but increases computation time as the number of samples per cycle is more. On the other hand, larger sampling time decreases computation time but it decreases accuracy as the number of samples per cycle is less. In this paper, the sampling time is chosen same as the inverter switching time for study.
The estimator is tested for a step change in rotor resistance. The actual and estimated rotor resistance for step variation (24) is shown in Fig. 9(a) . The sample weight evolution plot for step change is also shown in Fig. 9(b) . It is understood that the network learns to estimate the rotor resistance. The weight and the rotor resistance are linearly related. The step change is the extreme case condition. It is used to show the capability of the proposed estimator to estimate R r even in the extreme case condition.
But in the practical real time, the rotor resistance varies slowly. Accordingly, the proposed estimator is tested for trapezoidal variation (25) in the R r and also with exponential variation Beguenane R et al. (1999) as in (26). The result obtained for trapezoidal variation and exponential variation is shown in the Fig. 9(c) and Fig. 9(d) respectively. The NN-MRAS tracks the variation in R r for the various rotor resistance variation profile very well with good accuracy.
The estimated R r value for various %changes in R r is consolidated and presented in the Table 4 along with the steady state error for 100% and 50% load torque. It is found that the proposed estimator tracks, the change in R r with good accuracy.
Adaptable Neural Network Based Rotor Resistance Estimator
The performance of the drive with and without a rotor resistance estimator is studied. The motor is operated with the speed of 148 rad/sec, torque of 7.5 Nm and rotor flux of 0.9 Wb. The step change in rotor resistance is effected at 1.5 sec. Without the R r estimator, the rotor flux, torque and three phase stator current are shown in the Fig. 10 (a), Fig. (b), Fig. (c) respectively. It is observed that without the rotor resistance estimator, the error in the rotor flux is found to be 16.66% and the actual flux deviates from the reference flux. The ripple in the machine torque is found to be 30.46% and oscillates about the load torque which is evident from Fig. 10(b) . The sinusoidal shape of the three phase stator current gets distorted. This type of response is not desirable in high performance drives. With the rotor resistance estimator, the actual rotor flux tracks the reference flux with the error of 0.133% after about 0.4sec as soon as the step change in rotor resistance is applied at 1.5sec which is evident in Fig. 11(a) . With the rotor resistance estimator, the ripple in the machine torque is reduced significantly to 3.382% which can be observed in Fig. 11 (b) .
The sinusoidal shape of the current is maintained which can be observed from in Fig. 11(c) . Hence, the performance of the CB-PWM-CMV based vector controlled IM drive is significantly enhanced with rotor resistance estimator. 
CONCLUSION
A carrier based PWM technique and Neural Network based rotor resistance estimator are proposed for the performance enhancement of induction motor drives. The CB-PWM-CMV technique is computationally less complex and gives ease in digital implementation as compared to space vector modulation technique. The CB-PWM-CMV technique is shown to improve the efficiency of the drive as compared to Sine-PWM. The CB-PWM-CMV technique is implemented on Spartan-6 FPGA processor and experimentally validated. A neural Network based Model Reference Adaptive system in prediction mode is proposed for the rotor resistance estimation. The proposed NN-MRAS is shown to estimate R r with good accuracy which is evident from Table 4 . With rotor resistance estimator, the performance of the drive is significantly improved. Hence, it is concluded that the performance of the drive is enhanced significantly with CB-PWM-CMV and rotor resistance estimator. Vol. 16, No. 1 (2019) [63] [64] [65] [66] [67] [68] [69] [70] [71] [72] [73] [74] [75] [76] 
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